candidate for regulating TGN/endosomal traffic. HA-tagged or endogenous PI4K2b was concentrated at the TGN/recycling endosomal interface (referred to below as TGN), where it overlapped with AP-1 and the TGN markers TGN46 ( Figure 1A ) or TGN38 (see Figures S1A and S1B available online). No significant colocalization was detected between PI4K2b and the early Golgi marker GM130, endosomal AP-3, AP-2, or the transferrin receptor (Figures S1A and S1B), or between PI4K2a and AP-1 or TGN38 ( Figures S1C and S1D ). Subpools of PI4K2b were found in late endosomes ( Figure 1A ), recycling endosomes, or enlarged early endosomes ( Figure S1E ). Thus, PI4K2b partitions between the TGN and endosomes.
PI4K2b contains an evolutionarily conserved acidic cluster dileucine (LL) PI4K2b Directly Associates with AP-1 As PI4K2b synthesizes PI(4)P ( Figure S2E ), colocalizes with the PI(4)P-binding [7, 11] AP-1 complex (Figure 1 ), and harbors a potential AP-1 interaction motif, we investigated a possible physical association. AP-1 coimmunoprecipitated with native PI4K2b, but not with PI4K2a ( Figure 1E ). Conversely, enzymatically active PI4K2b coimmunoprecipitated with AP-1, but not AP-2 ( Figures 1F and 2A ). Affinity chromatography, immunoprecipitation, and in vitro binding experiments revealed that active PI4K2b directly associates with the g1s1 subcomplex of AP-1 ( Figures S2B and S2D ) via its LL motif ( Figure 1G; Figure S2A) . Consistently, AP-1 was found on organelles immunoisolated with PI4K2b-specific antibodies ( Figure S2C ).
PI4K2b Localization and Function Depends on AP-1 and Vice Versa
The physical association of PI4K2b with AP-1 suggests an important role of AP-1 in regulating PI4K2b function. To explore this, we used immortalized mouse embryonic fibroblasts (MEFs) derived from AP-1-m1A knockout animals (m1A
), which lack stable accumulation of heterotetrameric AP-1 complexes at the TGN [5] . PI4K2b was expressed at normal levels in m1A 2/2 MEFs ( Figure S2F ) but redistributed from the TGN to peripheral puncta ( Figure 2B ). Thus, a functional AP-1 complex is required to properly localize PI4K2b. Similar phenotypes were seen in AP-1(g1)-depleted cells ( Figure 2C ). Moreover, acute perturbation of AP-1 recruitment to the TGN by brefeldin A also resulted in loss of PI4K2b from the TGN and its accumulation in CD63-positive late endosomes ( Figure 2D ). Thus, AP-1 is required for proper localization of PI4K2b. Conversely, PI4K2b knockdown cells showed a specific loss of AP-1 (Figures 2E and 2F ; Figure S2G ) from membranes and cytosol ( Figure S2H ), whereas the levels of AP-2, AP-3, and GGA3 remained unchanged ( Figure 2E ). Loss of PI4K2b did not affect the subcellular localization of GGA3 ( Figure S2J ) or the Golgi PI(4)P sensor eGFP-FAPP1-PH ( Figure S2K ). Moreover,
overexpression of wild-type (WT) PI4K2b in m1A 2/2 MEFs was sufficient to recruit g1-adaptin-containing AP-1 remnants [5] to eGFP-PI4K2b-positive puncta ( Figure S2I , inset), whereas AP-1 binding defective PI4K2b (LLAA) or kinase-inactive PI4K2b (D300A; Figures S1G and S1H) failed to recruit g1-adaptin ( Figure S2I ). If PI4K2b and AP-1 form a functional complex, one would expect depletion of PI4K2b to partly mimic loss of function of AP-1. Indeed, PI4K2b knockdown resulted in loss of MPR46 from the TGN ( Figure 2G ) and secretion of lysosomal b-hexosaminidase ( Figure 2H ), hallmarks of AP-1 deficiency [5] . Thus, PI4K2b depletion phenocopies loss of AP-1 with respect to TGN/endosomal sorting. We conclude that PI4K2b is a major contributor to the synthesis of a PI(4)P pool required for AP-1 function.
PI4K2b is Required for Pectoral Fin Development and Wnt Target Gene Expression in Zebrafish
Endosomal membrane traffic [8] [9] [10] 16] and PI(4)P-synthesizing enzymes [17, 18] are linked to Wnt signaling and development. To explore a possible function of PI4K2b/AP-1 in developmental signaling, we downregulated PI4K2b by morpholino oligonucleotide (MO) injection into zebrafish (Figure S3A ). Pi4k2b morphant embryos showed a severely shortened body axis, a smaller head, and pericardial edema at 48 hr postfertilization (hpf) ( Figure 3A ). These phenotypes were rescued by MO-insensitive pi4k2b mRNA ( Figures 3A-3D ). Analysis at 48 hpf and 72 hpf revealed that the pectoral fin was poorly developed or absent in pi4k2b or ap-1 morphants (Figures 3B and 3C ; Figure S3E ), similar to effects caused by impaired Wnt or FGF signaling [19, 20] . To support these data, we conducted rescue experiments using MO-resistant zebrafish pi4k2b mRNA encoding PI4K2b (zPI4K2b) mutants lacking kinase activity (D325A) or the ability to bind to AP-1 ( Figure 1B; Figure S1G ). All zPI4K2b variants were expressed at similar levels ( Figure S3C ) and behaved as predicted (Figure S3D) . Whereas wild-type zPI4K2b effectively rescued pectoral fin development at 48 hpf, AP-1 binding-defective or kinase-inactive mutant zPI4K2b were functionally inactive ( Figure 3D ; Figure S3E ). Hence, zPI4K2b and AP-1 exert a key function in zebrafish fin development.
Pectoral fin development depends on canonical Wnt and FGF signaling [19, 20] . To elucidate the potential link between PI4K2b and canonical Wnt or FGF signaling, we compared early development of pi4k2b morphants with transgenic embryos expressing the Wnt repressor Dkk1 under a heatshock-inducible promoter (Tg[hsp70:dkk1-GFP] w32 ) [21] , or with embryos treated with the FGF signaling inhibitor SU5402. Early heat shock between 3.5 and 4.5 hpf in Tg [hsp70:dkk1-GFP] w32 transgenic embryos caused a welldescribed [21] reduction of anterior and posterior development (data not shown). Heat shocks between 10.5 and 11.5 hpf (one to three somites) resulted in milder developmental defects similar to the pi4k2b morphant phenotype ( Figure 3B ). Transgenic embryos heat shocked at 24 hpf had a normal body form but lacked pectoral fins ( Figure 3B ; Figure S3B ). In comparison, embryos treated from 10.5 to 11.5 hpf on with the FGF inhibitor SU5402 displayed a truncated trunk and tail [22] , a (legend continued on next page) phenotype clearly different from pi4k2b morphants. Thus, loss of pectoral fins seen in pi4k2b morphants is mimicked by inhibition of Wnt signaling and therefore may reflect impaired canonical Wnt signaling. In further support of this conclusion, expression of the Wnt target genes lef1, tcf4, and tcf7 was reduced in the developing fin bud of pi4k2b morphants at 28 hpf ( Figure 3E ) and 38 hpf ( Figure 3F ). Consistent with the pi4k2b morphant fin phenotype, pi4k2b mRNA is expressed within the pectoral fin bud ( Figure 3G ). Thus, pi4k2b morphants closely resemble the induced Dkk1 overexpression phenotype but much less resemble the phenotypes caused by inhibited FGF signaling.
To further discriminate between FGF and Wnt signaling, we analyzed activation of Tbx5.1. Pectoral fin formation depends on activation of Tbx5.1 by Wnt signaling at 20 hpf, whereas the subsequent maintenance phase initiated at 24 hpf requires both Wnt and FGF signaling [20] . At 20 hpf, 28% of the pi4k2b morphants displayed reduced tbx5.1 expression, a phenotype that became more pronounced at 24 hpf and was similar to heat-shocked Tg[hsp70:
w32 zebrafish ( Figures S3F-S3H ). By contrast, FGF inhibition did not reduce tbx5.1 expression at 20 hpf ( Figure S3G ). Instead, it resulted in an elongation of the tbx5.1 expression domain at 24 hpf ( Figures S3F-S3I ), as previously reported [20] . To control for efficient zPI4K2b downregulation, MO pi4k2b -injected embryos were allowed to develop up to 72 hpf, and 77% of these showed a fin development defect (n = 26). We conclude that zPI4K2b/AP-1 is critical for zebrafish fin development via affecting canonical Wnt signaling.
PI4K2b Regulates Canonical Wnt Signaling in Mammalian Cells
To mechanistically explore the putative role of PI4K2b in canonical Wnt signaling, we silenced PI4K2b expression in mammalian cells and sampled the activation state of canonical Wnt signaling. Depletion of PI4K2b resulted in reduced levels of active phosphorylated LRP6, a specific component of canonical Wnt signaling ( Figures S4A and S4B ). PI4K2b-depleted cells also contained reduced amounts of active dephosphorylated b-catenin, a phenotype rescued by inhibition of GSK3b (Figures 4A and 4B) . Moreover, expression of the Wnt target gene axin2 was diminished in PI4K2b-depleted cells ( Figure 4C ).
Defective Wnt signaling may result from defects in Wnt secretion [8] [9] [10] or impaired signal transduction in Wntreceiving cells [16, 18, 23] . PI4K2b depletion did not affect secretion of Wnt3a (Figures S4C and S4D) . Thus, defects in Wnt target gene expression in PI4K2b-silenced cells likely originate from defective signal processing and/or trafficking of signaling components in Wnt-receiving cells lacking PI4K2b. Consistent with the latter possibility, luciferase reporter gene expression measured by TOPFlash assays was significantly reduced in Wnt3a-treated PI4K2b-depleted cells ( Figure 4D ). Furthermore, PI4K2b associated with the Wnt signaling components axin1 and Dvl2/3 ( Figure 4E ; Figure S4F ), independent of PI4K2b binding to AP-1 ( Figure 4F ).
Conversely, AP-1(m), a subunit that does not bind to PI4K2b, also bound to Dvl2/3 ( Figure 4G ). These data suggest the existence of a trimeric AP-1/PI4K2b/Dvl complex.
Internalization of the Wnt coreceptor LRP6 may tune Wntinduced b-catenin signaling [24] , and inhibition of endocytosis results in impaired signal transduction in receiving D. melanogaster cells [25] . These observations, together with the fact that Dvl binds to AP-2 [23] , AP-1 ( Figure 4G) , and the cytoplasmic tail of Fz receptors, suggest that altered Fz endocytosis and/or endosomal sorting may underlie defective Wnt signaling in absence of PI4K2b. Confocal imaging revealed that in addition to its plasma membrane pool, a fraction of Fz4-eGFP colocalized with PI4K2b on late endosomes (Figure 4H ; similar to Fz5-eGFP, Figure S4G ). Tracing of internalized HA-tagged Fz receptors confirmed Fz cycling between the cell surface and PI4K2b-positive endosomes ( Figure S4H ). We therefore hypothesized that PI4K2b may regulate Wnt signaling by altering (1) surface expression, (2) internalization, or (3) endosomal sorting of Fz. PI4K2b depletion did not affect Fz5 surface expression ( Figure S4E ) or internalization (Figure 4K ), indicating that PI4K2b is dispensable for Fz surface trafficking or endocytosis.
As internalized Fz partially colocalizes with PI4K2b in late endosomes ( Figure 4H ), we analyzed late endosome distribution in PI4K2b-knockdown cells. Late endosomes in PI4K2b-silenced cells were reduced in intensity and displayed a more scattered peripheral distribution compared to controls ( Figures S4I-S4K ), a phenotype rescued by siRNA-resistant wild-type ( Figure S4K ), but not AP-1 binding-defective (LLAA) (Figures S4K and S4L ) or kinase-inactive mutant PI4K2b ( Figure S4L) . A similar dispersion was seen for Fz4 (Figures S4M and S4N) . Further quantitative analysis of Fz endosomal sorting in PI4K2b-silenced cells revealed an accumulation of endocytosed Fz5 in late endosomes ( Figures 4I and 4J) , perhaps en route to degradation. Thus, PI4K2b is required for endosomal membrane homeostasis and hence may regulate partitioning of internalized Fz between degradative sorting and endosomal recycling to the surface. Consistent with this, loss of PI4K2b impaired Fz5 recycling while favoring its late endosomal degradation ( Figure 4L ). These collective data are consistent with a model wherein PI4K2b modulates canonical Wnt signaling by facilitating recycling of internalized Fz receptors, thereby preventing their degradative sorting to late endosomes.
We unravel here the association of AP-1 and PI4K2b, which provides a pool of PI(4)P required for AP-1 stability [7, 11] and function in TGN/endosomal sorting [5] . Given the known role of AP-1 in cell fate decisions, positioning of cilia, and melanosome biogenesis [26] [27] [28] , we predict that PI4K2b may also regulate at least some of these processes. Association of PI4K2b and AP-1 mirrors complex formation of AP-2 with PI(4)P 5-kinase I [15] and of AP-3 with PI4K2a [6] , suggesting a general model whereby AP complexes associate with PI kinases that synthesize the PI species to which they bind. These findings support the concept that membrane traffic is regulated by subpools of PIs synthesized by distinct PI kinase isoforms [29] . Our results identify a hitherto unknown molecular link between PI4K2b-dependent PI(4)P synthesis, PI4K2b/AP-1-mediated endosomal sorting of Fz in Wnt-receiving cells, and developmental Wnt signaling, which may also underlie the requirement for AP-1 in early embryonic development [5] . The function of PI4K2b and AP-1 in Fz recycling in Wntreceiving cells reported here is distinct from the known role of endosomal sorting in Wnt secretion from signal-sending cells [8] [9] [10] or in Wnt-induced endosomal GSK3b sequestration [16] . We suggest that PI4K2b/AP-1 acts as a gatekeeper that regulates partitioning of internalized Fz between recycling and degradative endosomal sorting, thereby modulating the cellular responsiveness to Wnt. As human cancer is often linked to aberrant Wnt-b-catenin signaling [30] , our data also identify PI4K2b as a novel potential target for anticancer therapies.
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